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How immune cells collaborate to clear a virus from the skin is not well understood. In this issue of Cell Host &
Microbe, Hickman et al. (2013) show that spatially segregated Ly6G+ monocytes and CD8+ T cells act syner-
gistically to clear vaccinia virus from a primary skin infection.For many viruses the skin is the site of
entry to the body and/or a major target
of infection. Therefore, the immune
response in the skin is important to
prevent viral spread and to clear the infec-
tion. Vaccinia virus (VACV) is the live viral
component of the smallpox vaccine that
is administered by scraping the skin.
Since smallpox vaccination has been the
only vaccine that eradicated a human
disease, it is of interest to understand
the mechanisms whereby it induces
immune responses and is cleared. Hick-
man et al. (2013) used static confocal
microscopy (CM) and live intravital multi-
photon microscopy (MPM) to visualize
the local immune events in the skin that
lead to viral clearance in a mouse model
of VACV infection.
Innate and adaptive immune cells,
including monocytes and CD8+ T cells,
have a pivotal role in resolving viral infec-
tions in vivo. Upon infection, monocytes
are rapidly recruited to the infected sites,
while CD8+ T cells are primed by antigen
in secondary lymphoid organs, proliferate
extensively, and then migrate to infected
areas where they recognize and kill in-
fected cells displaying viral peptides pre-
sented on MHC class I molecules. How
these cells are spatially organized in in-
fected foci to control the virus is presently
unknown. Hickman et al. (2013) combined
CM and MPM to investigate the mono-
cytic and CD8+ T cell responses to
VACV in the infected skin. Their toolbox
included VACVs expressing various
fluorescent proteins fused to the Kb
restricted epitope SIINFEKL, red fluores-
cent (dsRed) TCR transgenic OT-I CD8+
T cells specific for Kb- SIINFEKL, and
mice with fluorescent monocytes.
It is well established that inflammatory
monocytes are rapidly recruited to thesites of inflammation (reviewed by Shi
and Pamer, 2011). By flow cytometry,
the authors found large numbers of
inflammatory monocytes in VACV-in-
fected skin at 4–5 days postinfection
(dpi), and a low proportion of them were
infected. When the authors used CM
and MPM to look at the types and distri-
bution of infected cells in VACV-infected
skin, they found that most of the infected
cells were sessile keratinocytes localized
to the suprabasal layers of the epidermis
but that there were also some infected
CD11b+ inflammatory monocytes that
localized to the dermis. Of note, a rela-
tively small proportion of the inflammatory
cellswere Ly6G+, reminiscent of a popula-
tion of monocytes recently described in
VACV-infected skin by Fischer et al.
(2011). By microscopy, most of the
inflammatory cells infiltrating the keratino-
cytic lesions belonged to this Ly6G+
population.
Monocytes and neutrophils can pro-
duce reactive oxygen and nitrogen
species (ROS and RNS, respectively).
Recently, Fischer et al. (2011) reported
that the Ly6G+ monocytes that infiltrate
VACV-infected skin protected the tissue
from damage by producing reactive
oxygen species (ROS). Using flow cytom-
etry, Hickman et al. (2013) confirmed that
the Ly6G+ cells, and also the inflammatory
monocytes infiltrating the VACV-infected
skin, produced ROS.
To look at the CD8+ T cell responses,
Hickman et al. (2013) took advantage of
TCR transgenic, SIINFEKL-specific, OT-I
CD8+ T cells (henceforth denoted as
OT-I cells)—which, combined with a virus
expressing the SIINFEKL epitope, can be
used as surrogates of virus-specific CD8+
T cells. After adoptive transfer, the OT-I
cells were recruited to the infected skinCell Host & Microbe 13,starting at 5 dpi. Remarkably, when the
authors used MPM to characterize the
behavior of the OT-I cells, they found
that these cells actively moved in the
surroundings of the keratinocytic lesions
but did not penetrate them. Still, the OT-
I cells pursued and killed outlying infected
monocytes as revealed by the direct
contact between the OT-I cells and the in-
fected cells—and the generation of GFP+
cell debris. This data suggested that the
role of CD8+ T cells is to kill infected
inflammatory monocytes escaping the
lesions rather than penetrating the lesions
to kill infected keratinocytes.
Next, Hickman et al. (2013) explored
the mechanism responsible for keeping
the OT-I cells outside of the keratinocytic
lesions. Previously, the authors had found
that OT-I cells were attracted toward
the CCR5 chemokine ligands CCL3,
CCL4, and CCL5 (Hickman et al., 2011).
Here, they found that these chemokines
were produced in the VACV-infected
skin. Moreover, CM revealed that the che-
mokines concentrated within the infected
lesions. Recently, Molon et al. (2011)
showed that intratumoral RNS led to the
posttranslational modification of the che-
mokine CCL2 and decreased the ability
of tumor infiltrating lymphocytes (TILs)
but not of myeloid cells to penetrate the
tumor. Moreover, the infiltration of TILs
was enhanced when the production of in-
tratumor RNS was blocked (Molon et al.,
2011). This prompted the hypothesis
that a similar mechanism may exist to
keep CD8+ T cells outside keratinocytic
lesions in the VACV-infected skin. Consis-
tent with this hypothesis, the authors
found higher CCL3/nitrotyrosine ratios
outside the lesion than inside. Further-
more, if the mice were treated with
AT38, a potent inhibitor of peroxinitrite,February 13, 2013 ª2013 Elsevier Inc. 121
Figure 1. Spatially Segregated Monocytes and CD8+ T Cells Synergize to Clear VACV
Infection of the Skin
VACV infects mostly keratinocytes that localize to the epidermis but also some inflammatorymonocytes in
the dermis. Inflammatorymonocytes are recruited from the blood to the site of infection and produce ROS/
RNS.Most of the inflammatorymonocytes inside the keratinocytic lesions are Ly6G+. CD8+ T cells are also
recruited to the infected skin but remain in the dermis because the ROS/RNS nitrates proteins in the in-
fected area signaling to the CD8+ T cells not to enter the keratinocytic lesion. The CD8+ T cells surrounding
and beneath the keratinocytic lesion kill outlying infected cells in the dermis.
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lesion and had long-lasting interaction
with infected keratinocytes inside the
lesions. Finally, using single or dual deple-
tion of CD8+ T and Ly6G cells, the authors
showed a synergism between CD8+
T cells and the Ly6G+ cells in clearing
VACV from the primary site of infection
in the skin.
MPM is often, and sometimes rightly,
criticized for being a fancy way to show
us things we already know. However, as
demonstrated by Hickman et al. (2013),
this is not necessarily always the case.
Intravital MPM is among the few methods122 Cell Host & Microbe 13, February 13, 201that allow researchers to fully visualize
the dynamics of cells in tissues in a true
physiological setting, and Hickman et al.
(2013) provide very novel information
about viral infection of the skin using this
powerful technique. Together, the find-
ings described in this study provide
a clearer picture of how a viral infection
is resolved from a primary skin lesion.
With an elegant combination of CM and
MPM, the authors unveiled several
cellular mechanisms we did not previ-
ously suspect. As illustrated in Figure 1,
this study supports a model where CD8+
T cells and Ly6G+monocytes are anatom-3 ª2013 Elsevier Inc.ically separated but synergize to control
VACV in the skin. In this model, peroxini-
trite products, most likely nitrated chemo-
kines, maintain Ly6G+ monocytes inside
the lesions and exclude the CD8+ T cells
to the peripheral areas. The model
proposes that Ly6G+ monocytes partici-
pate by controlling the infection within
the lesions, while the CD8+ T cells
contribute by killing outlying mobile in-
fected cells in the dermis, very possibly
preventing them from spreading the virus.
Although not revealed by the MPM
imaging, it is possible that the CD8+
T cells also kill borderline infected kerati-
nocytes, thereby preventing the expan-
sion of the keratinocytic lesions. Some
of the remaining questions are whether
and which chemokines are modified by
nitration and whether these findings can
be generalized to other tissues and
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